To determine the replicative mechanism for human cytomegalovirus (HCMV) DNA, field inversion gel electrophoresis was used to separate HCMV replicative DNAs during lytic infection. Unit-length circular HCMV genomes lacking terminal restriction fragments were detected starting 4 h after infection even when cells were treated with aphidicolin, phosphonoacetic acid, or cycloheximide. Viral DNA synthesis began 24 h after infection and produced large amounts of high-molecular-weight replicative DNA that was a precursor of progeny genomes. Replicative DNA contained rare terminal restriction fragments, and long-arm termini were much less frequent than short-arm termini. Replicative DNA was not composed of unit-length circles because low-dose -y irradiation of replicative DNA generated numerous random high-molecular-weight fragments rather than unit-length molecules. PacI digestion of replicative DNA from a recombinant HCMV with two closely spaced Pacl sites revealed that replicative DNA is concatemeric and genome segment inversion occurs after concatemer synthesis. These results show that after circularization of the parental genome, DNA synthesis produces concatemers and genomic inversion occurs within concatemeric DNA. The results further suggest that concatemers acquire genomic termini during the cleavage/packaging process which preferentially inserts short-arm termini into empty capsids, causing a predominance of short-arm termini on the concatemer.
During lytic infection, the DNA of herpes simplex virus (HSV) and pseudorabies virus may replicate by a rolling circle mechanism following circularization of the linear viral genome, producing a concatemeric replicative intermediate (RI) (7, 26, 29) . The evidence supporting a rolling circle mechanism for these viruses is that RI DNA sediments rapidly in sucrose gradients and is processed to make progeny genomes. The RI DNA lacks restriction fragments found at the genomic termini (terminal fragments) and fails to spread in electron micrographs (4, 5, 12, 17, 20, 31) . In addition, early circularization has been inferred by a loss of terminal fragments shortly after infection, the appearance of novel fragments created by fusion of terminal fragments, and the occasional appearance of genome-length circular DNA in electron micrographs of DNA early after infection (6, 11, 12, 15, 19, 21, 28) . Thus, for HSV and pseudorabies virus, all of the evidence is consistent with a rolling circle mechanism, but other replicative mechanisms are possible. For example, 0 replication can produce a catenane of interlocked circular genomes which would have a high apparent molecular weight and lack terminal restriction fragments. Except for detection of some longer than unit length molecules by electron microscopy of HSV (12, 15, 18) and pseudorabies virus (4, 19) DNAs, the data do not exclude a circular structure for RI DNA (25, 30) .
The human cytomegalovirus (HCMV) genome has a long and a short arm, each bordered by two different inverted repeat sequences called b and c (34) . A short a sequence is found in multiple repeats of the same (direct) orientation at a region called the joint, where the two arms meet (35) . Cleavage of replicative DNA occurs within a sequence repeats (33) , leaving a variable number of a sequence copies at the long-arm terminus and a single or no a sequence at the short-arm terminus (36) . The a sequence repeats remaining at the joint are not cleaved, apparently because of a "head full" requirement of the cleavage/packaging machinery (30) . During infection, recombination allows both arms to invert relative to each other, resulting in equimolar amounts of four isomeric forms (34) . Although the cleavage site (33) and an origin of replication (3, 10) and have been identified for HCMV, nothing is known about the mechanism of DNA replication. Therefore, we sought to characterize the macromolecular events occurring during replication of the HCMV genome.
MATERMILS AND METHODS
Viral culture and drug treatments. Confluent human MRC-5 fibroblasts (American Type Culture Collection) were infected with HCMV at a multiplicity of infection of between 1 and 5. Unless indicated otherwise, strain AD169 was used. Viral DNA was radiolabeled by propalgation of infected cells in low-phosphate medium containing " Pi (50 ,uCi/ml), and labeled virus was isolated by centrifugation of cell-free culture supernatants at 35 ,000 x g for 1 h. In some experiments, cycloheximide (50 jig/ml), phosphonoacetic acid (PAA; 200 ,ug/ml), or aphidicolin (10 ,ug/ml) was added to the culture medium.
FIGE. Total cell DNA was prepared by washing infected cells with TE (10 mM Tris [pH 8 .0], 1 mM EDTA), resuspending the cells in 50 RI of molten (50°C) 1% low-melting-point SeaPlaque agarose (FMC) in TE, and casting into molds. After cooling, agarose plugs were suspended in SE (0.5 M EDTA, 1% Sarkosyl, 1 mg of proteinase K per ml), incubated at 52°C for 48 h, dialyzed three times for 2 h each time with TE, and stored at 4°C. For preparation of virion DNA, extracellular culture supernatants were centrifuged at 35 ,000 x g for 1 h, and the viral pellet was resuspended in agarose and treated as described above. Agarose 3 pl of 0.5 M EDTA was added, and the tube was kept on ice to block the action of endogenous nucleases.
To the treated sample, 1 pI (150 U) of Staphylococcus aureus nuclease (Boehringer Mannheim) was added, and digestion was carried out for 60 min at room temperature. Three microliters of 0.5 M EDTA was then added to stop the reaction, samples were embedded in 1% SeaPlaque agarose, and DNA was prepared as described above. y irradiation. DNA samples in agarose were suspended in 1 ml of TE in 1.5-ml microcentrifuge tubes and exposed to ry radiation, using a CES-I-RAD 1000 137Cs/134Cs _y source.
Construction of MTO-1. The UL18 reading frame was selected as the insertion site because of its noncentral location within the long unique region. Plasmid pATH30 contains the HindIII 0 fragment of AD169 cloned into pAT153, and pATH30N contains a synthetic polylinker inserted into the unique NdeI site within the UL18 reading frame. The polylinker was replaced with a unique PacI site by NdeI digestion and linker insertion to yield pATH30P.
Plasmid pRSVZ contains a ,-galactosidase expression cas- (Fig. 1A) . At 3 h after infection, a 230-kb DNA appeared and increased in amount on day 3. At 24 h after infection, a high-molecular-weight (HMW) DNA that failed to migrate into the gel appeared and increased in amount 48 h after infection. Three days after infection, a 500-kb DNA and a 1,000-kb DNA appeared. When cells were separated into cytoplasmic and nuclear fractions 5 days after infection, all four forms were in the nuclear fraction and only 230-kb DNA was in the cytoplasmic fraction (experiment not shown).
HCMV DNA forms in the presence of PAA. To identify HCMV DNA forms found early in infection and in the absence of DNA synthesis, cells were infected in the presence of PAA.
Prior to 48 h after infection, HCMV DNA forms observed in PAA-treated cells were identical to those in untreated cells (Fig. 1B) . In contrast to untreated cells, 500-and 1,000-kb DNA forms were not observed. With PAA present, instead of increasing at 48 h, the amount of HMW DNA gradually decreased over time, indicating that the large quantities of HMW DNA observed in the absence of PAA are a product of the viral DNA polymerase (Fig. 1B) . We call this DNA late HMW DNA. Even in the presence of PAA, however, some HMW DNA was detected at 24 h after infection. We call this DNA early HMW DNA. Pulse-labeling of infected cell DNA. 32p was added to the cell medium at various times after infection, and DNA samples were prepared after each pulse. Little 32p incorporation occurred between 8 and 24 h after infection, but a significant increase in 32p incorporation appeared in HMW DNA between 31 and 48 h after infection, and 1,000-, 500-, and 230-kb DNAs were labeled 55 h after infection ( Fig. 2A) .
Infected cells were also labeled between 24 and 48 h after infection and then washed and placed in medium containing unlabeled phosphate. DNA samples were prepared at various times after the chase. The 230-kb DNA was not detected at the end of the pulse (48 h) but appeared at 72 h and increased in amount until 117 h (Fig. 2B ), indicating that 230-kb DNA is derived from one or more of the larger forms.
Nuclease sensitivity. To determine the HCMV DNA associated with capsids, cells at various times after infection were homogenized in hypotonic buffer and then treated with staphylococcal nuclease. At 3 h after infection, the 230-kb DNA was nuclease resistant (Fig. 3 ), but by 24 h after infection, most of this DNA was nuclease sensitive. The 230-kb DNA was again nuclease resistant 3 days after infection. HMW, 1,000-kb, and A. Hours of Pubhe after Infectloñũ I n :2 A g *-1000 kb -500 kb 500-kb DNAs were all nuclease sensitive, suggesting a lack of association with capsids.
Irradiation of late HMW and 1,000-kb DNAs. To detect circular DNA molecules, we used low-dose ry irradiation to randomly break double-stranded DNA. As a control, we irradiated Epstein-Barr virus circular episomes in Raji cells. Without irradiation, circular Epstein-Barr virus DNA did not migrate by FIGE, but with increasing doses of radiation, a 190-kb DNA was formed (Fig. 4A ). In contrast, irradiation of HCMV HMW DNA from cells 5 days after infection produced a DNA smear of random-length fragments, indicating that HCMV HMW DNA is not composed of unit circles (Fig. 4B) . Irradiation of 1,000-kb DNA also produced even smearing, indicating this form is not circular. Analysis of 500-kb DNA was not possible because this DNA consistently contained a 230-kb component even without irradiation (experiment not shown).
A.
Dose in krads
Terminal restriction fragment analysis of late HMW, 500-kb, and 1,000-kb DNAs. circular genome will contain two joint fragments but no terminal fragments; head-to-tail-linked linear dimers, trimers, and tetramers will contain three, five, or seven joint fragments for each terminal fragment. Therefore, we determined the relative amounts of joint and terminal fragments in the HCMV DNA forms. Figure 5A shows maps of the HCMV genome (34) , the locations of joint and terminal fragments, and hybridization probes. Because both long-and short-arm termini of the HCMV genome are heterogeneous, multiple nested fragments are detected from both termini (36) . Virion, late HMW, and 230-kb DNA samples were prepared from cells 5 days after infection, digested with EcoRI or HindIlI, and hybridized with appropriate probes to detect long-or short-arm terminal fragments. In 230-kb DNA, restriction fragments from both termini were detected in ratios similar to those for virion DNA. Late HMW DNA contained greatly diminished amounts of both long-and short-arm terminal fragments relative to joint fragments; however, small amounts were detectable ( Fig. SB  and C) . In experiments not shown, both 1,000-kb DNA and 500-kb DNA also contained low levels of terminal fragments, and the 230-kb component of 500-kb DNA contained normal levels of terminal fragments, indicating it is not derived from random breakage of circular genomes.
In several experiments, late HMW DNA contained higher levels of short-arm terminal fragments than of long-arm terminal fragments. Using scanning densitometry of the experiment in Fig. 5 and a second similar experiment (not shown), we calculated the ratio of joint to terminal fragment quantities and divided this ratio by the ratio derived from virion DNA (the joint-to-terminus ratio of virion DNA is 1.00). As a control, ratios were determined for 230-kb DNA from cells 5 days after infection, and in two experiments, 230-kb DNA had ratios for both termini of approximately 1.00 (0.967 and 0.963 for the short-arm terminus; 0.676 and 0.987 for the long-arm terminus). Late HMW DNA had ratios of 14.8 and 16.3 for the short-arm terminus and 34.5 and 41.7 for the long-arm terminus. Thus, late HMW DNA contained roughly 2.5-fold more short-arm termini than long-arm termini.
In some experiments, no long-arm terminal fragments could be detected in late HMW DNA. To make a direct comparison between the levels of long-and short-arm terminal fragments in the same DNA sample, late HMW DNA was prepared 5 days after infection, digested with EcoRI, and after electrophoresis hybridized with pON227 to detect the long-arm terminal fragment W. We then stripped this probe from the membrane and rehybridized it with pON2333 to detect the short-arm EcoRI terminal fragments N and L. Exposures were adjusted to provide approximately the same signal strength for the joint fragments, enabling an objective comparison of longand short-arm terminal fragment quantities.
No long-arm terminal W fragment could be detected even after extended exposure, but when the same blot was reprobed with pON2333, short-arm terminal fragments N and L were clearly visible (Fig. SD) (Fig. 6B) . Terminal fragment analysis of the 230-kb Pacl digest product revealed a lack of terminal fragments, confirming that this 230-kb DNA is not derived from contaminating genomic DNA (experiment not shown). Figure 6C illustrates a model explaining the structure of the 370-kb fragment. If a concatemer is composed primarily of the prototype (P) isomer such that most Pacl sites are 230-kb apart, then occasional inversion of a P isomer to an inverted long-arm (IL) isomer places the Pacl site of the 'L isomer 370 kb from that of the adjacent P isomer. The locations of hybridization probes predict that the XbaI-S probe will not hybridize with the 370-kb fragment. To test the model, the blot shown in Fig. 6B was stripped and rehybridized with the XbaI-S probe. Although the 230-kb fragment hybridized as before, the 370-kb fragment failed to hybridize to the XbaI-S probe (Fig. 6D ).
Partial digestion of MTO-1 late HMW DNA. MTO-1 late HMW DNA was digested with increasing dilutions of Pacl enzyme. To improve resolution and obtain tighter bands, the partial digest products were separated by CHEF. Following transfer to a nylon membrane, DNA was hybridized with pON227. Intermediate dilutions of Pacl resulted in a faint but distinct partial digest product of 460 kb, or twice genome length, but larger fragments were not observed (Fig. 7) .
In an alternative approach to partial digestion, cells were infected with MTO-1 at a fixed multiplicity of infection Comparison of long-and short-arm terminal fragments in late HMW DNA. EcoRI digests were prepared as described above, hybridized with pON227 to detect the long-arm terminal W fragments, stripped, and then reprobed with pON2333 to detect the short-arm terminal N and L fragments. The exposures were adjusted to produce equal signal strengths for the WN (Fig. 8) .
Since the amount of early HMW DNA observed 24 h after infection is comparable to the amount of inoculum DNA observed 3 h after infection (Fig. 1B) , it is possible that early HMW DNA is formed by a change in the structure of inoculum DNA. Cells were infected with virions containing 32P-labeled genomes, and DNA was separated by FIGE. Labeled 230-kb DNA gradually diminished with time. The inoculum DNA was converted to an HMW form beginning at 6 h after infection (Fig. 9) . Furthermore, neither aphidicolin nor cycloheximide affected the amount of early HMW DNA formed after infection (experiment not shown).
HMW (Fig. lOB) . HMW DNA was prepared daily after infection and analyzed for the presence of terminal fragments. Late HMW DNA prepared 2 days after infection contained small amounts of short-arm terminal fragments and barely detectable amounts of long-arm terminal fragments. No terminal fragments were detectable in HMW DNA 24 h after infection ( Fig. 1 A and  B) . Similar results were obtained from early HMW DNA prepared 24 h after infection in the presence of PAA (experiment not shown).
The 230-kb DNA produced by irradiation of early HMW DNA was also analyzed for the presence of terminal fragments. Replicate DNA samples to those used in the experiment shown in Fig. 10A were separated by FIGE, and both early HMW and 230-kb inoculum DNA samples were cut from the gel. The early HMW DNA samples were irradiated with 30 kilorads and separated again by FIGE. DNA migrating in the 230-kb range was cut from the gel and extracted from the agarose along with the 230-kb inoculum DNA prepared from the first separation. The DNA samples were digested with EcoRI, separated by conventional electrophoresis, and hybridized with pON227 to detect the long-arm terminal fragment W. In 230-kb DNA derived by irradiation of early HMW DNA, both joint fragments were visible but their terminal W fragment was not. In contrast, the intensity of the W band in 230-kb inoculum DNA was much greater than that of the joint fragments (Fig. I1C ).
DISCUSSION
We found that HCMV DNA replication is initiated by circularization of the linear virion DNA following infection. We first observed that at 3 h after infection, the 230-kb DNA present intracellularly is nuclease resistant with normal terminal fragments and therefore is most likely encapsidated inoculum DNA, but by 24 h after infection, nearly all of this 230-kb DNA is nuclease sensitive. At 3 days after infection, large quantities of encapsidated progeny genomes appear, and these genomes have a molecular size of 230 kb, have normal amounts of terminal fragments, and are nuclease resistant.
Early HMW DNA detected between 4 and 20 h after infection is composed of circularized inoculum DNA because (i) irradiation of early HMW DNA produces dose-responsive 230-kb DNA, (ii) both early HMW DNA and the 230-kb DNA generated by irradiation of early HMW DNA lack terminal restriction fragments, and (iii) labeled inoculum DNA is incorporated into early HMW DNA and early HMW DNA is formed in the presence of a viral (PAA) or host (aphidicolin) DNA synthesis inhibitor. Garber et al. have recently observed circularization of HSV DNA shortly after infection (13) .
Exonuclease-treated HCMV DNA circularizes in vitro by annealing of direct terminal repeats (14) . This may occur in vivo, or as proposed for HSV (26) Terminal fragment analysis also shows that late HMW DNA is not a catenane of unit circles and suggests a concatemeric structure. Circular DNA should not contain terminal fragments, yet low levels of terminal fragments were present in late HMW DNA. If these terminal fragments were from contamination by linear 230-kb molecules, they should have contributed equal amounts of long-and short-arm termini; however, short-arm terminal fragments were detected in late HMW DNA in the absence of long-arm terminal fragments. Figure 12 illustrates a possible mechanism to account for the low levels of termini in late HMW DNA and the excess of short-arm termini relative to long-arm termini. In this mechanism, short-arm terminal ends of replicative concatemers are preferentially chosen for insertion into empty capsids. DNA 
Model of HCMV DNA replication, insertion, cleavage, and packaging. Unit linear genomic DNA circularizes and replicates by a rolling circle mechanism to form a long linear concatemer. Short-arm termini on RI concatemers are preferentially inserted into empty capsids, and DNA is fed in until a complete genome has entered and the capsid is full. Cleavage occurs between the last two a sequences in the reiterated run of a sequences located between genomes within the concatemer. The newly created long-arm terminus remains within the capsid, while a new short-arm terminus is created on the concatemer. single copy (36) . We propose that cleavage usually occurs between the last two a sequences to enter the capsid, leaving multiple a sequences on the long-arm terminus of the newly formed genome.
The origin and function of the 500-and 1,000-kb DNAs are unclear. When 500-kb DNA is separated by FIGE, it contains a 500-kb component and a 230-kb component. The 230-kb component contains normal terminal fragments, indicating that it is not derived from random breakage of 230-kb circles and may simply be contamination by linear 230-kb molecules. The 500-kb DNA is, however, not entirely composed of 230-kb DNA because after a second separation, the 500-kb component is deficient in both termini and is therefore a distinct replicative form.
The 1,000-kb DNA migrates within a region of limited mobility described for FIGE gels in which DNA molecules of heterogeneous size can comigrate (8) . Therefore, it is possible that 1,000-kb DNA is a mixture of DNA molecules. Irradiation of 1,000-kb DNA revealed no evidence for the presence of circular forms or contaminating 230-kb DNA. The 1,000-kb DNA contained reduced levels of terminal fragments and therefore may contain tetramers or larger oligomers. Both 500-kb DNA and 1,000-kb DNA appear 3 days after infection, and their appearance coincides with the first appearance of nuclease-resistant progeny genomes. This finding suggests that 500-and 1,000-kb DNA molecules may be by-products or intermediates of the cleavage process, possibly unusable end products of concatemer cleavage by the cleavage/packaging machinery.
The HMW DNA concatemers that we observed may have been synthesized from a rolling circle. Recombination may occur within or between concatemers. The ratio of 370-to 230-kb fragments following Pacl digestion of MTO-1 HMW DNA (Fig. 6) should reflect the frequency of segment inversion within the concatemer. The low ratio suggests infrequent genome segment inversion and is consistent with an intra-a sequence recombination rate of 8% observed during replication of an HSV plasmid replicon (9) . Recombination within concatemers formed by a rolling circle may serve to generate additional template circles by deletion of unit circular genomes from concatemeric DNA.
Replicative mechanisms other than a rolling circle can also form concatemers. Concatemers are formed during phage T7 replication by end-to-end polymerization of unit linear genomes (22) and during phage T4 replication by intramolecular strand invasion of genomic termini and subsequent priming and synthesis from the invading strand (27) . In both phage mechanisms, extensive recombination at genomic termini results in random reassortment of genomes within concatemers.
For HCMV, if concatemers are formed by either phage mechanism, equimolar amounts of 370-and 230-kb fragments should result following Pacl digestion. The low ratio observed (Fig. 6 ) is not consistent with these phage mechanisms; however, the ratio may be affected by intramolecular branching and does not represent recombination outside of the long repeats.
For a rolling circle mechanism, different adjacent long-arm isomers within a concatemer indicate that recombination resulting in segment inversion occurs after or during concatemer synthesis, since segment inversion within the template circle would not result in concatemers containing more than one isomer. A Tn5 element in an HSV replicon also inverts only following DNA synthesis (37) . These observations suggest that recombination can occur after concatemer formation and support the hypothesis that a sequence-mediated recombination is enhanced by strand invasion of free termini created on the ends of concatemers by the cleavage/packaging process (32) .
